We report a photonic crystal fiber (PCF) coupler having an ultrawide spectral bandwidth keeping single mode operation. The use of the PCF coupler in a fiber-based optical coherence tomography (OCT) system enables us to handle the wide spectral bands of various light sources, including superluminescent diodes (SLDs) at 1300 nm and 820 nm, Ti:sapphire lasers, and white-light sources. The multiband imaging performances of the PCF-based OCT system are demonstrated by obtaining dental images at 1300 nm and 820 nm with the same setup. In addition, we show that the PCF coupler could cover the spectrum over a one octave span and guide both the fundamental wave (1030 nm) and the second harmonic wave (515 nm) simultaneously.
Introduction
In biomedical application fields, optical imaging techniques have been widely studied due to their noninvasive imaging capability. Among them, optical coherence tomography (OCT) has provided highly sophisticated tomographic images of biological samples based on low coherence interferometery [1, 2] . Therefore high axial resolution OCT images have been achieved by using broadband light sources such as white light [3] , superluminescence diodes (SLDs), ultrafast pulse lasers, supercontinuum (SC) generated sources [4] , or dual-band continuum generated sources [5] . Although many kinds of broadband light sources are available, there are some limitations in utilizing them for fiber-based OCT systems. In general, a conventional single mode fiber (SMF) has a cutoff wavelength, thus limiting the effective spectral bandwidth of the OCT system. Besides, it is difficult to fabricate a 2 × 2 fiber coupler using a conventional SMF, which can cover such a wide bandwidth [6] . These factors restrict available spectral bandwidth in the fiber-based high-resolution OCT system.
The broadband light sources have been employed not only for high resolution OCT systems but also for dual-band OCT systems for investigation of the relation between the probing depth and imaging quality in a dense tissue and for functional OCT imaging with spectroscopic contrast [7, 8] . In these systems, bulk optics were employed for simultaneous measurements 0003-6935/10/101986-05$15.00/0 © 2010 Optical Society of America at two different wavelength regions [7] , and the use of bulk-type beam splitters is indispensable even for fiber based dual-band OCT systems [8] due to the absence of ultrawideband fiber-optic devices. By the same reason, two different couplers were used for the dual-band supercontinuum generated light source; one for each source [5] . In addition, recently, interest in the second harmonic (SH) OCT has increased due to its ability in enhancing the image contrast and identifying asymmetrically structured biological materials such as collagen [9] [10] [11] . The SH-OCT deals with two different colors that are spectrally separated by as much as one octave, which means that ultrawideband optical components are highly required in implementing the system. Therefore fiber and fiber devices that can support ultrabroadband are critical for fiber based ultrahigh resolution OCT or multiband OCT systems and realization of fiber based SH-OCT systems.
The utilization of photonic crystal fiber (PCF) and PCF couplers may overcome the limitation of conventional fiber and fiber coupler. It is well known that the PCF having a small filling factor has an endless single mode property [12] . Therefore the fiber coupler fabricated by the PCF is also single mode in a wide spectral bandwidth [13, 14] . In this work, we propose an ultrawideband PCF coupler that can operate over a one octave wavelength range. Based on the PCF coupler, we have constructed a fiber-based ultrawideband OCT system. The feasibility of the ultrawideband OCT system is demonstrated by presenting the interferograms taken with various optical sources [superluminescent diodes (SLDs) at 820 nm and 1300 nm, a Ti:sapphire laser, and a white-light source] but with the same setup. The multiband OCT imaging performances were successfully obtained at 1300 nm and at 820 nm from a biological sample. In addition, we confirmed that the PCF coupler can guide both the fundamental (1030 nm) and the second harmonic waves (515 nm) generated from a nonlinear crystal to show the possibility of the realization of a fiber based SH-OCT system.
Fabrication and Properties of the PCF Coupler
For fabricating the PCF coupler, we exploited the conventional fused biconical tapered (FBT) method [13, 15] using commercially available PCF (LMA-10, Crystal Fibre), which was composed with seven layers of air holes. The air hole separation, air hole diameter, and core diameter were about 7:21 μm, 2:88 μm, and 12 μm, respectively. This structure provides the single mode operation from 400 nm and large mode-field area suitable for high power delivery [16] . Two PCFs were twisted with each other and elongated while being heated with a hydrogen flame. During the elongation process, the pulling speed was kept as slow as possible, and the flame temperature was adjusted to be lower than that of the conventional fiber case by a few hundred degrees to keep the air hole structure. After heating and elongating, the coupler was packaged with a U-shape quartz rod to protect the fused region from unwanted bending or strain.
Figure 1(a) shows the input spectrum of a white light source and the transmission spectra measured at both output ports of the fabricated PCF coupler. A conventional white-light source (ANDO-AQ 4303B) was used, and the spectrum was measured with an optical spectrum analyzer (OSA). As we can easily estimate from Fig. 1(a) , the insertion loss at a shorter wavelength region was higher than that at a longer wavelength region, and the splitting ratio had wavelength dependency. However, the PCF coupler shows relatively flattened coupling efficiency over an 800 nm spectral span. The total insertion loss of 
camera after launching a 543:5 nm laser into the coupler. As can be seen in insets of Fig. 1(a) , the mode-field shapes observed at both output ports showed a typical single mode characteristic, and it is confirmed by a Gaussian fit as shown in Fig. 1(b) . From these experimental results we can address that the proposed PCF coupler operates as an ultrawideband single-mode coupler.
Multiband Performances of the PCF Coupler
A PCF coupler-based time-domain OCT was implemented, and the axial point spread functions were measured with various light sources having different operating wavelengths: a 1300 nm centered SLD source (Kamelian; ∼50 nm bandwidth), a 820 nm centered SLD source (INPHENIX; ∼48 nm bandwidth), a Ti:sapphire (Ti : Al 2 O 3 ) pulsed laser (∼80 nm bandwidth corresponding to 10 fs FWHM pulse width) pumped with a 5:6 W solid-state laser (Verdi, 5:6 W at 532 nm), and a white-light source (ANDO-AQ 4303B). An InGaAs photodiode was used for the 1300 nm centered SLD source and the whitelight source, while a fiber-pigtailed Si-based photodiode was used for the 820 nm centered SLD and the Ti:sapphire laser source. Figure 2(a) shows the spectra of all light sources measured at an output port of the coupler, and the bottom figures show the corresponding single surface interferograms measured with the same setup but Fig. 2(b) ]. These results are well matched with the theoretical ones except the axial resolution of 3 μm for the white-light source [ Fig. 2(d) ]. This discrepancy might be mainly caused by the limited spectral bandwidth of the detector. The asymmetry of the interferogram might be caused by the dispersion mismatch between the two arms of the interferometer or the dispersion of the PCF itself. To improve the utility of the PCF coupler in a highresolution OCT system, fine dispersion balancing of the interferometer is required.
The biological imaging performance of the PCF coupler based OCT system at multispectral range was confirmed by taking OCT images with two SLD sources having different center wavelengths. The sensitivities at both 1300 nm and 820 nm were ∼75 dB and ∼73 dB, respectively. Figures 3(a) and   3(b) show the in vitro OCT images of a human tooth measured with the 1300 nm SLD and the 820 nm SLD, respectively. In the figures, we could clearly distinguish the enamel, dentin, and especially the dento-enamel junction. The area of each image was 6 mm × 3 mm in the transverse and the longitudinal directions. As expected, we can clearly see that the 1300 nm source is better than the 820 nm source for the dental OCT imaging, especially in its penetration depth. Figure 4 presents the extended transmission spectrum of the same PCF coupler. In general, the OSA has a limited bandwidth, and its sensitivity becomes poor at short wavelengths. Although the coupling efficiency below 600 nm was poor, in the measured spectrum, and the spectral ripples are rather strong, the available spectral band of the PCF coupler ranged from 500 nm to more than 1400 nm, or >900 nm span. To check the possibility as a fiberbased SH-OCT system, the fundamental light beam from a high-power ytterbium-doped fiber laser (center wavelength, 1030 nm) [17] was directed to a BBO crystal (β − BaB 2 O 4 , 7 mm), and both the fundamental and the SH generated beams were launched to the input port of the PCF coupler as shown in Fig. 5 . The back reflected fundamental and SH beams were split with a dichroic mirror at the detector arm of the interferometer and directed to a photodiode for the fundamental beam and to a photomultiplier tube (PMT) for the SH beam, respectively.
Preliminary Study for the Fiber Based SH-OCT
The SH wave, generated from BBO crystal, had a center wavelength at 515 nm and a 4 nm spectral bandwidth as shown with the spectrum of Fig. 6(a) . The fundamental wave had a 1030 nm center wavelength and a 14 nm bandwidth as shown in Fig. 6(b) . As demonstrated in Fig. 6(c) , the interference fringe frequency measured by the PMT (bottom, thus the SH wave) was twice that recorded by the photodiode (top, thus the fundamental wave), which means that the PCF coupler guided both the fundamental wave and the SH wave successfully. Although a high insertion loss and a low coupling efficiency at a shorter wavelength range in the current system limit the Fig. 3 . OCT images of a human tooth obtained with the OCT system based on the proposed ultrawideband PCF coupler but with SLD sources having different center wavelengths: (a) 1300 nm and (b) 820 nm (D, dentin; E, enamel, DEJ, dento-enamel junction). Scale bar is 1 mm. capability of getting SH-OCT images from biological samples, we are sure that the PCF coupler has a great potential for the fiber-based SH-OCT system. The efforts to improve the performance of PCF devices for SH-OCT are under taken.
Conclusion
We have fabricated an ultrawideband PCF coupler that operated as a beam splitter, while keeping the single mode characteristic. Based on the PCF coupler, we have implemented an ultrawideband OCT system. With the same setup, the axial point spread functions of several light sources, having different center wavelengths and bandwidths, were measured. By using two SLD sources of 820 nm and 1300 nm, it was also demonstrated that the biological OCT imaging performance was well maintained without appreciable distortion. Furthermore, both the fundamental and the second harmonic waves were concurrently measured, which proved that the PCF coupler could cover the wide spectral range over one octave span. The spectral and modal features of the proposed PCF coupler might be suitable for implementing an ultrawideband or multiband fiber optic imaging system, including the fiber-based second harmonic OCT system.
